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Additive manufacturing of complex parts in superalloy 718 by Laser Beam Melting (LBM, also referred to Selective Laser Melting, SLM) is currently under the evaluation by the aerospace industry, due to the opportunity to combine alloy 718 excellent properties and versatility of use, with the benefits and increasing maturity of LBM technology. In this work, the interactions between fracture modes and deformation modes for LBM-manufactured 718 were studied at 20, 450 and 650 °C. Vertical and horizontal tensile specimens were fabricated, then heat-treated with two sets of standard solution-aging treatments, before being tested in air over a range of strain rate from 8 × 10 -5 to 3 × 10 -2 s -1 . Results of these tests showed evidence of a coupling effect between oxidation and mechanical loading, resulting in oxidation-assisted cracking of LBM 718 alloy for the same temperature and strain rate conditions than conventionally-manufactured alloy 718. Also, in spite of consisting of fundamentally different microstructures, relationships between fracture modes and deformation modes for laser beam melted 718 were found to be surprisingly consistent with the ones previously established for conventional 718. These results suggests that microstructure parameters such as grain size and morphology, or phase distribution are not involved at the first order in the mechanisms controlling these interactions. To further describe these phenomena, the interactions between solute elements, mobile dislocations and interfaces must be considered.

Introduction

Among emerging metal additive manufacturing processes, Laser Beam Melting (LBM, also known as Selective Laser Melting and as Direct Metal Laser Melting), is at this point one of the most promising: the manufacturing technique demonstrates high technology readiness, and its main benefits-namely weight savings, products cycle time cuts and cost reductions through functional integration-lead to an open range of perspectives for the aerospace industry (LBM process is described elsewhere [START_REF] Trosch | Microstructure and mechanical properties of selective laser melted Inconel 718 compared to forging and casting[END_REF]). Due to its good weldability, superalloy 718 is eligible for LBM process. In addition, its excellent corrosion and mechanical properties at high temperatures, combined with alloy 718 adaptable, versatile microstructure make it a relevant choice for many LBM-targeted applications, such as aircraft engine parts. Still, several barriers are to be overcome for LBM full-scale industrialization to begin. While most effort is currently put into LBM parts qualification, understanding process-microstructure-properties relationships with regard to oxidationassisted failure at high temperature is of prime interest for lifetime assessment of these parts. Indeed, in spite of stringent control on its elaboration and transformation parameters, alloy 718 is known to be sensitive to oxidation-assisted intergranular cracking (OAIC) under mechanical loading in its usual service temperature range. This behavior is closely related to the alloy deformation mode, as the apparition of plastic flow instabilities-serrated yielding-systematically triggers a change of fracture mode, from intergranular to transgranular. These fracture-deformation modes interactions were consistently evidenced for rolled, cast and wrought 718 in previous studies [START_REF] Fournier | Oxidation induced intergranular cracking and Portevin-Le Chatelier effect in nickel base superalloy 718[END_REF][START_REF] Garat | High temperature intergranular oxidation of alloy 718[END_REF][START_REF] Deleume | Facteurs métallurgiques et mécaniques contrôlant l'amorçage de défauts de corrosion sous contrainte dans l'alliage 718 en milieu primaire des réacteurs à eau sous pression[END_REF][START_REF] Andrieu | Oxidation assisted intergranular cracking in alloy 718: effects of strain rate and temperature[END_REF][START_REF] Ter-Ovanessian | Influence of interstitials content on the sensitivity of alloy 718 to oxidation assisted intergranular fracture[END_REF][START_REF] Max | Comportement mécanique et couplage mécanique-oxydation dans l'alliage 718: effet des éléments en solution solide[END_REF], in which the role of the local mechanical state at grain boundaries, as well as alloy content in interstitial species, were highlighted. Still, the mechanisms involved are not well understood. Specifically, the relative contributions of metallurgical, mechanical and environmental parameters must be clarified, because the mechanisms proposed so far are neither explaining why these interactions are constantly observed in alloy 718 regardless of its metallurgical state, nor fully satisfying regarding some physical metallurgy aspects.

The fact that LBM microstructures show fundamental scale differences from their conventionally-manufactured counterparts naturally leads to wonder if the LBM-manufactured 718 exhibits the same susceptibility to OAIC. Most studies conducted on laser beam melted alloy 718 focus on the mechanical properties at ambient temperature; some authors carried out tensile tests at different temperatures [START_REF] Trosch | Microstructure and mechanical properties of selective laser melted Inconel 718 compared to forging and casting[END_REF][START_REF] Strößner | Mechanical and microstructural investigation of nickel-based superalloy IN 718 manufactured by selective laser melting (SLM)[END_REF] but neither of these works discuss the occurrence (or absence) of oxidationassisted failure at elevated temperature. In Trosch et al. study [START_REF] Trosch | Microstructure and mechanical properties of selective laser melted Inconel 718 compared to forging and casting[END_REF], intergranular fracture was observed at 450 and 650 °C, but was attributed to plate-like intergranular precipitation of δ phase. To the author's knowledge, there is no published information available on the effect of tensile strain rate and deformation mode (in particular serrated yielding) on the rupture mode of laser beam melted alloy 718. This work primarily aims to address the aforementioned point by studying deformation modes-fracture modes interactions for LBM manufactured 718 tensile specimens at 650 °C, as it may provide valuable information to understand the mechanisms involved in oxidation-assisted intergranular cracking of this alloy.

Materials and Methods

Material

For this purpose, specimen for tensile tests and microstructural characterizations were fabricated in an EOS M280 Laser Beam Melting system. Three batches were produced with the same set of manufacturing parameters, provided by EOS GmbH. Samples were melted under protective Argon atmosphere using 400 W Ytterbium laser fiber with wavelength of 1060-1100 µm. Scanning strategy consisted of stripe pattern with contouring, the scanning direction being rotated of 30°on each consecutive layer; powder layer thickness was set to 40 µm. Batch 1 was produced using alloy 718 powder from supplier A, while batched 2 and 3 were manufactured using powder from supplier B. Powders chemical compositions, in agreement with AMS 5662, were provided by materials suppliers (Table 1). Both powders were produced by gas atomization in argon. Sieve analysis, coupled with metallographic observations, showed that most particles are spherical, with particles size distribution between 15-53 µm.

Batch 1 was composed of vertical bars only; it was heat treated after laser beam melting using HSA2 solution-ageing treatment (Table 2). Vertical tensile specimens (i.e. tension axis parallel to vertical building direction, Z) were CNC machined from the heat treated bars as follows: 7 vertical, round tensile specimens with a gage length of 30 mm and a diameter of 5.00 mm; and 6 vertical, flat tensile specimens with a gage length of 15 mm and a gage section of 3.00 × 1.00 mm. Flat tensile specimens were used to extend fracture analysis capabilities. Batch 2 was only used for microstructural characterizations on the as-fabricated (AF) metallurgical state. Batch 3 was composed of both vertical and horizontal bars. It was heat treated using HSA1 solution-ageing treatment (Table 2) then vertical and horizontal round tensile specimens with a gage length of 28 mm and a diameter of 5.00 mm were machined from those bars.

Mechanical Testing

Tensile specimen surface was kept as-machined (Ra 1.6 µm), except for flat specimens from batch 1, which were mechanically polished using SiC grit paper up to grade 2400, then diamond suspension up to 1 µm grade, to facilitate SEM observations of crack initiation on these specimens. All tensile specimens were cleaned with ethanol in ultrasonic bath for 3 min before testing. Gage sections were measured with a micrometer in three different points. Tensile tests were carried out in air, at different temperature and strain rate conditions. Round specimen were tested using a servohydraulic MTS 810 machine, equipped with a 100 kN load cell and a 3-zone radiative furnace. Flat specimen were tested using a electromechanical MTS Synergie 1000 machine, equipped with a 10 kN load cell and a 3-zone radiative furnace of identical design. Each furnace zone was independently regulated by a K-type thermocouple, spot-welded on the tensile specimen. This method allows for precise control of the temperature load, keeping the temperature gradient on the gage length below 5 °C for the duration of the test. Temperature load consisted of a heating rate of 20 °C/min, followed by a 20 min holding at the targeted temperature before starting the test, to ensure thermal stabilization. Tensile samples were then mechanically loaded at constant crosshead displacement rate. Displacement rate values were chosen to correspond with the initial strain rates indicated in Table 3. For the tensile tests conducted at 20 °C, elongation of the tensile gage length was measured with a 25 mm gage extensometer. For the tests conducted at other temperatures, elongation was measured between the tensile specimen fillet radii using laser extensometer for flat tensile specimens, and linear variable differential transformer (LVDT) sensors for round specimens. Uncertainties on the determination of mechanical properties were on average ±13 MPa for the yield and tensile strengths values, and ±0.4% for the elongation to failure. 
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Microstructural Characterizations

Microstructural characterizations were carried out on the three metallurgical states: as-fabricated, HSA1 and HSA2. Powder X-ray diffraction (XRD) measurements were achieved on 1200 SiC grit polished samples in the XY manufacturing plan using a Bruker D8 system. A Bragg-Brentano θ-2θ configuration was used with angular range of 20°-80°, step of 0.03°/2 s and sample spinning. Sample for metallographic observations were mechanically polished up to 1 µm diamond suspension, and finished with 0.05 µm alumina suspension. As-fabricated and HSA2 samples were chemically etched 30 s in 32 wt% hydrochloric acid, then 4 min in Kalling solution. HSA1 samples were electrochemically etched 5 s in 1:1 hydrochloric acid-acetic acid solution, at 5 V. Electrolytic extraction of the precipitates was also performed on HSA2 metallurgical state, using a solution of 10 vol.% of hydrochloric acid in ethanol, and a current density of 70 mA/cm 2 , at ambient temperature. After 9 h of dissolution, the solution was filtrated and the obtained powder residue was analyzed by XRD, using angular range of 20°-120°, step of 0.02°/2 s and sample spinning. Microstructures were observed using a Nikon Optical Microscope (OM) and a Leo 435-VP Scanning Electron Microscope (SEM), with an accelerating voltage of a 15 kV. Energy Dispersive Spectroscopy (EDS) was used for qualitative elementary analysis. Electron Back-Scatter Diffraction (EBSD) was performed on 800 × 600 µm maps with step size of 1 µm on a JEOL JSM 7100F FEG-SEM for HSA2 metallurgical state to investigate microstructural texture and grain morphology. Vickers hardness was measured on (XY) surface for each metallurgical state from a minimum of 10 indentation, using a 30 kg load for 10 s holding time. Fracture surfaces of the tensile specimens were observed using binocular magnifiers and SEM.

Results and Discussion

Microstructural Characterizations

Microstructural Scales

The first major difference between laser beam melted and conventionally manufactured alloy 718 microstructures is the scale at which they are formed during the solidification stage. As it may be seen from observations of the etched microstructure, the as-fabricated LBM microstructure is textured by the laser scanning pattern, with laser path visible in horizontal plane (Fig. 1a), and corresponding melt pools in vertical plane (Fig. 1b).

Melt pool size was estimated by image analysis in the (YZ) plane. The average width is approximately 120 µm (value is only indicative because laser scanning tracks overlap). The average melt pool depth was measured for the last-melted layer to be an average value of (72 ± 16) µm. From these values, and approximating the melt pool by a cylindrical shape, the elementary solidification volume may be estimated to 1.10 -3 mm 3 for these LBM parameters. By comparison to the values commonly encountered in casting (from 1 cm 3 to 1.10 -2 m 3 during ingot solidification [START_REF] Soller | Refusion à l'arc sous vide du superalliage 718: Modélisation du procédé et étude de la formation des "white spots[END_REF]), it is shown that the solidification volume in laser beam melting is lower by at least 6 orders of magnitude than those encountered in casting. Focusing on that LBM elementary solidification volume, it may be seen from Fig. 2a that solidification inside the melt pool mainly occurs in a cellular/dendritic regime, sometimes with secondary dendritic arms located at melt pool interfaces where solidification conditions seem to be slower. Primary Dendrite Arm Spacing (PDAS) was measured for the as-fabricated state by image analysis by the intercept method. The average value obtained from (XY) plane and (YZ) plane measurements is (0.66 ± 0.21) µm. This value is in good agreement with the ones reported for LBM alloy 718, such as by [START_REF] Strößner | Mechanical and microstructural investigation of nickel-based superalloy IN 718 manufactured by selective laser melting (SLM)[END_REF] (0.500 µm) and [START_REF] Zhang | Effect of standard heat treatment on the microstructure and mechanical properties of selective laser melting manufactured Inconel 718 superalloy[END_REF] (0.689 µm). From these measurements, the corresponding solidification rate for as-fabricated LBM microstructure may be estimated using the following expression, primarily proposed by Hunt [START_REF] Hunt | Cellular and primary dendrite arm spacings[END_REF] for cellular or dendritic solidification, and later assessed by Quested and McLean [12] for directionally solidified nickel-based superalloys:

λ 1 = K × G -1 ̸ 2 × V -1 ̸ 4 ð1Þ 
where λ 1 is the primary dendrite arm spacing (m), G the temperature gradient ahead of the solidification front (K m -1 ), V the dendrite tip growth rate (m s -1 ) and K a term depending on the liquidus line slope, the solute partition coefficient, the solute concentration, the Gibbs-Thomson coefficient, the liquid solute diffusivity and the 

G -1 ̸ 2 × V -1 ̸ 4 .
Identifying a value of K = 1.3 × 10 -3 m 3/4 s -1/4 K 1/2 from their results, and approximating G by the gradient supposed to exist between a pool being melted and an adjacent solidified one, the solidification cooling rate (G × V, in K s -1 ) may then be calculated:

G × V = G 1 ̸ 4 × λ 1 K -4 ð2Þ 
Taking a liquidus temperature of 1360 °C for alloy 718 [START_REF] Knorovsky | Inconel 718: a solidification diagram[END_REF], a temperature for the adjacent solidified melt pool of 80 °C (temperature of the heated base plate) and a distance between pools of 72 µm, the cooling rate calculated from PDAS measurements on LBM as-fabricated state was 8 × 10 5 K s -1 . This value falls in agreement with melt pool cooling rate values reported in literature for LBM process, which are typically of the order of magnitude of 10 5 -10 6 K s -1 [START_REF] Vilaro | Microstructural and mechanical approaches of the selective laser melting process applied to a nickel-base superalloy[END_REF][START_REF] Tang | Rapid solidification: selective laser melting of AlSi10Mg[END_REF]. For comparison, in cast alloy 718 microstructures, typical values of PDAS range from 40 µm to more than 200 µm (Fig. 2b): using values of G reported in [12], the corresponding cooling rates calculated with Eq. ( 2) range from 9 × 10 -2 to 6 × 10 1 K s -1 . The main conclusion of these calculations is that alloy 718 cooling rate in LBM is at least 4 orders of magnitude higher than in conventional casting. These two major differences, in time and space scales, regarding solidification phenomena encountered in conventional manufacturing (casting) and additive manufacturing (LBM) are fundamental to understand the other LBM microstructural specificities presented below. 

Texture

As mentioned above, the as-fabricated alloy 718 presents a macroscopic texture induced by laser scanning pattern. This texture, referred as fabrication texture in the following (visible in Fig. 1), is a general feature of this manufacturing process, and is susceptible to affect mechanical properties; this last point is discussed in section "Tensile Tests". The second level of texture investigated in this study is found at the polycrystal scale, and results from two contributions: morphological texture, i.e. preferential shape orientation of non-equiaxed grains, and crystallographic texture, i.e. preferential crystalline orientation of the grains. With respect to morphological texture, it may be seen from Fig. 1 that the as-fabricated, as well as heat treated metallurgical states are characterized by columnar grains, preferentially oriented in the building direction, Z. This texture was commonly reported in literature, and results from the directional nature of the LBM process, with heat fluxes (input and output) mainly oriented along the vertical Z axis, leading to local solidification conditions close to those encountered, for instance, in directional casting. This aspect, coupled with the layer-by-layer fabrication pattern which emphasize dendrite nucleation at the bottom of the melt pools, lead to a preferential dendritic growth along the Z axis during solidification (Fig. 3a). It is interesting to notice that a same grain may grow through several melt pools. As illustrated by Fig. 3b, dendrite growth orientation mainly depends on which point they nucleate on the melt pool interface, along with the orientation of the solidified dendrite tips on which they may nucleate. If the dendrites at the solid-melt pool interface are oriented parallel to the interface normal direction, new dendrites in the melt may nucleate on the tips of the former ones and grow in the same direction. As a result, Fig. 3 Solidification texture in the LBM as-fabricated state that shows the a dendrite orientations arrangement inside a melt pool, where the arrows symbolize heat extraction directions; b variants in dendrite growth, with the dendrite growth in the same orientation as the melt pool interface (black arrows), the dendrite growth perpendicular to the orientation of the melt pool interface (white arrows) which is associated with nucleation on secondary dendrite arms, and the dendrite growth with no specific orientation relationship (dashed circle), which may result from nucleation on the melt poll interface or other sites within the melt pool a same grain may grow through several melt pools, which contribute to the global morphological texture mentioned above.

It is worth noticing that the morphological texture is mostly conserved after heat treatments (HSA1 or HSA2). EBSD analysis was carried out on the HSA2 (YZ) plane (the map presented in Fig. 4a), on a population of 665 grains (grains on edges were excluded): an average elliptical aspect ratio of (2.9 ± 1.7) was calculated, and their long axis was in average aligned with the vertical Z axis, ±35°. EBSD results for the as-fabricated and HSA1 states were not available, but it may at least qualitatively be concluded that the heat treatments applied on LBM alloy 718 does not erase the microstructural texture (fabrication texture or morphological texture). In fact, the effect of those heat treatments on the two levels of textures seems moderate when comparing the microstructures presented in Fig. 1. These results are in general agreement with the literature on laser beam melting of alloy 718: see for instance [START_REF] Strößner | Mechanical and microstructural investigation of nickel-based superalloy IN 718 manufactured by selective laser melting (SLM)[END_REF][START_REF] Amato | Microstructures and mechanical behavior of Inconel 718 fabricated by selective laser melting[END_REF][START_REF] Chlebus | Effect of heat treatment on the microstructure and mechanical properties of Inconel 718 processed by selective laser melting[END_REF][START_REF] Popovich | Impact of heat treatment on mechanical behaviour of Inconel 718 processed with tailored microstructure by selective laser melting[END_REF].

Phase Identification

XRD measurements were not really conclusive regarding phase identifications: for all 3 metallurgical states, FCC matrix γ was the only phase identified (no other diffraction peaks). Similar results for LBM alloy 718 have been reported for this technique [START_REF] Strößner | Mechanical and microstructural investigation of nickel-based superalloy IN 718 manufactured by selective laser melting (SLM)[END_REF][START_REF] Zhang | Effect of standard heat treatment on the microstructure and mechanical properties of selective laser melting manufactured Inconel 718 superalloy[END_REF][START_REF] Popovich | Impact of heat treatment on mechanical behaviour of Inconel 718 processed with tailored microstructure by selective laser melting[END_REF], which may seem surprising with regard to the effect of standard heat treatment HSA1 on conventionally manufactured alloy 718. An electrolytic extraction of the precipitates was therefore performed on an HSA2 sample, and the powder residue obtained analyzed by XRD, where γ″ and NbC (Fm3m) phases were unambiguously identified, each contributing to a strong diffraction signal for this analysis. The γ matrix (dissolved by the extraction process), γ′ or δ phase were absent from the XRD spectrum.

Further phase identification was carried out on etched samples by SEM analyses. As shown in Fig. 5, several phases may be found in the as-fabricated state: they are mostly segregated in interdendritic regions or at grain boundaries, where they form an almost continuous precipitation film. EDS analyses shows that interdendritic and intergranular phases are enriched in niobium and molybdenum compared to the bulk composition, and although intergranular phases demonstrate higher content in these elements, they are likely to be the same phases. Most studies on LBM alloy 718 identified these interdendritic phases to a combination of Laves and primary carbides [START_REF] Chlebus | Effect of heat treatment on the microstructure and mechanical properties of Inconel 718 processed by selective laser melting[END_REF][START_REF] Popovich | Anisotropy of mechanical properties of products manufactured using selective laser melting of powdered materials[END_REF]. In the present study, EDS analyses were not sufficiently resolved to formally identify these phases, and need to be coupled with another technique. In addition to these relatively large segregated phases, small round precipitates were also observed in interdendritic regions; their size was estimated to 50 nm. Based on these information, they could be fine carbide precipitates. TEM analysis is required to identify these phases. The last phase identified by EDS in the as-fabricated state was titanium nitride, containing also a small amount of niobium. These inclusions, usually between 5 and 10 µm, may be easily identified from their angular shape, and orange color in optical microscopy. They were also found in the alloy powder, indicating that they probably form during ingot casting or atomization of the powder, rather than during laser beam melting. These (Ti, Nb)N were identified as well in both HSA1 and HSA2 states, and were not (or partially) dissolved during heat treatments.

SEM characterization of HSA1 and HSA2 metallurgical states are presented in Fig. 6 and Fig. 7, respectively. They share common characteristics, such as abundant discontinuous precipitation of MC (where M = Nb, Mo, Ti) at the prior-grain boundaries (i.e. the as-fabricated grain boundaries). These carbides, with a round morphology and a size <1 µm, are likely to be formed during homogenization treatment from the phases segregated on intergranular regions on the as-fabricated state. Smaller (<100 nm), round precipitates are also found in both heat treated states, and could correspond to carbides formed in interdendritic regions. The γ″ hardening precipitates were identified on HSA2 state from their lenticular shape, observation of the 3 orientation variants and small size (<100 nm). Their precipitation seems homogeneous between initial and recovered grains, as well as near grain boundaries. They were not visually identified for HSA1 state, but similar mechanical behavior and hardness values between HSA1 and HSA2 seems to indicate that γ″ precipitates are present in HSA1 microstructure as well. Some plate-like precipitates were also observed, only for HSA2 state (Fig. 7a,c): EDS analyses indicate that they are Nb-containing phases, along with a small amount of Ti. They also seem to be localized at prior-grain boundaries. All these elements are compatible with the presence of δ phase. It is worth mentioning that δ is normally not expected after heat treatment HSA1 with regard to its precipitation domain [START_REF] Beaubois | Short term precipitation kinetics of delta phase in strain free Inconel* 718 alloy[END_REF], but the higher ageing temperature used in HSA2 (760 °C) could be responsible for the precipitation of a small amount of acicular, low temperature form of δ. Results of Vickers hardness measurements are in agreement with the aforementioned characterizations: harness value of (465 ± 12) and (468 ± 7) HV30 were found for HSA1 and HSA2 states respectively, compared with (308 ± 3) HV30 for the as-fabricated alloy 718. Values for both heat treated states are almost identical, and indicate an increase by 50% compared with the as-fabricated hardness. These results are consistent with precipitation of γ″ during HSA1 and HSA2 heat treatments, as γ″ precipitates are generally acknowledged to be the major contributor to the mechanical properties of this alloys [START_REF] Keiser | A review of the physical metallurgy of alloy 718[END_REF][START_REF] Chaturvedi | Strengthening mechanisms in Inconel 718 superalloy[END_REF]. The values are also in accordance with literature on LBM alloy 718 [START_REF] Chlebus | Effect of heat treatment on the microstructure and mechanical properties of Inconel 718 processed by selective laser melting[END_REF].

Structural and Chemical Heterogeneities-Effect of Heat Treatments

As described in section "Microstructural Scales", LBM as-fabricated microstructure is structured at 3 different scales: the fabrication texture scale (melt pools), the polycrystalline structure scale (grains), and the solidification scale (dendrites). Each scale contribute to the structural heterogeneity of the laser beam melted alloy, which is only partially reduced by the application of heat treatments (Fig. 1). Regarding structural periodicity induced by scanning parameters (i.e. melt pools size and spacing), as shown in Fig. 6a and Fig. 1 the melt pools and laser scanning pattern persists after heat treatments, either in the form of grain morphology texture or precipitation, depending on the level of element segregation at melt pool interfaces. At intermediate scales, grain size distribution is also a source of structural heterogeneity. Comparison of LBM and cold-rolled 718 microstructures on Fig. 4 (both being heat treated with similar heat treatments) lead to an average grain size of (18 ± 25) µm for HSA2 LBM alloy, and 25 µm for the cold-rolled alloy. In spite of these relatively close values, grain size distribution ranges are very different: (3-290) µm for LBM alloy 718, compared to (5-40) µm for cold-rolled alloy 718. Grain size distribution is therefore much more in LBM microstructure compared to cold rolled products. This heterogeneity is correlated with the presence of large grains for both heat-treated states. Grain recovery was confirmed by EBSD analysis on HSA2 state, as shown by local misorientation map in Fig. 4b.

Similarly to structural heterogeneity, chemical heterogeneity may be described at different microstructural scales: chemical segregation in interdendritic spaces (i.e. minor segregation), chemical segregation between dendrite packs (i.e. intergranular segregation) and difference in segregation intensity between zones of different cooling rates (e.g. melt pool interfaces). These segregations, illustrated on Fig. 5a, influence phase distribution in the microstructure, depending on the heat treatment applied on the as-fabricated state. One of the key feature of LBM microstructure is that the chemical gradient spatial periodicity (primarily dendrite arm spacing) is, compared with casting, orders of magnitude lower in LBM alloy 718. This simple fact has direct consequences on all diffusion-based phenomena in LBM microstructure, as well as on the maximum size of precipitates that may be formed from these interdendritic segregations (Fig. 5b), thus impacting mechanical properties and heat treatments definitions. Put differently, the formation of large carbides or Laves phases, often referred as detrimental in conventionally cast alloy 718 (ingots), is prevented in LBM alloy 718 by the small size of PDAS in its microstructure. 

Tensile Tests

Effect of the Manufacturing Orientation at 20 °C

The results of tensile test performed at 20 °C and 8.0 × 10 -5 s -1 on vertical (Z) and horizontal (X) tensile specimens for HSA1 state, and vertical (Z) specimens for HSA2 are presented in Fig. 8. In the stress-strain curves presented below, circular end point is used for vertical (Z) tensile specimens, square end point is used for horizontal (X) specimens and dashed line is used for cold-rolled and aged 718. At room temperature of 20 °C, the HSA1 and HSA2 states exhibit almost identical tensile properties and mechanical behavior in the vertical (Z) direction. This observation is consistent with microstructural similarities identified in section "Microstructural Characterizations" between these states. For HSA1 state, results of tensile tests performed on vertical (Z) and horizontal (X) directions demonstrate moderate anisotropy of the mechanical properties: yield and tensile strengths are 4% higher, and elongation to failure is 11% lower for horizontal (X) direction than for vertical (Z) direction. This anisotropy is a consequence of the microstructural texture evidence in section "Texture", where morphological texture is likely to be main contribution. These results are consistent with those reported by [START_REF] Strößner | Mechanical and microstructural investigation of nickel-based superalloy IN 718 manufactured by selective laser melting (SLM)[END_REF][START_REF] Chlebus | Effect of heat treatment on the microstructure and mechanical properties of Inconel 718 processed by selective laser melting[END_REF], who also found mechanical anisotropy of the same order of magnitude on LBM 718 alloy heat treated with similar conditions as HSA1. As shown in Fig. 8, the fracture surfaces were transgranular ductile for all tested specimens. A closer observation Fig. 8 Result of tensile tests performed in air at 20 °C and 8.0 × 10 -5 s -1 for HSA1 (vertical and horizontal specimens) and HSA2 (vertical specimens) that is compared to cold-rolled alloy 718 that was aged [START_REF] Deleume | Facteurs métallurgiques et mécaniques contrôlant l'amorçage de défauts de corrosion sous contrainte dans l'alliage 718 en milieu primaire des réacteurs à eau sous pression[END_REF]. Fracture surfaces on the right side refer to HSA1 specimens with SEM of microstructural defects (e.g., porosity, inclusions) on the fracture surface revealed no crack initiation on these sites: It thus may be concluded that fracture at 20 °C of heat treated LBM alloy 718 is controlled by usual ductile fracture mechanisms, and that the influence of defect such as porosity may reasonably be ruled out. Mechanical properties of laser beam melted alloy 718 are also very similar to cold-rolled, aged alloy 718, in spite of the microstructural differences evidenced in section "Microstructural Characterizations". Homogeneous distribution of γ″ precipitates observed for HSA2 state (Fig. 7) is likely to explain such similarity in mechanical behavior.

Effect of Temperature on HSA1 Tensile Behavior

The results of tensile tests performed on HSA1 state for vertical (Z) and horizontal (X) specimens at 20, 450 and 650 °C are reported on Fig. 9, along with fracture surfaces observations. The evolution of tensile properties (i.e. yield strength, tensile strength and elongation to failure) with temperature follows the same tendency as the one evidence by Trosch et al. [START_REF] Trosch | Microstructure and mechanical properties of selective laser melted Inconel 718 compared to forging and casting[END_REF]: these authors performed tensile tests on Z and X specimens heat-treated with almost identical heat treatment as HSA1, at the same temperatures. The values they found are different from the present study, but this discrepancy could be due to the different manufacturing parameters they used, or the tensile strain rate of 3 × 10 -3 s -1 , compared to 8.0 × 10 -5 s -1 in this study. Regarding the effect of the manufacturing direction on tensile behavior evolution with temperature, it is observed that the trend at 450 °C is the same as at 20 °C for the yield and tensile strengths, but is inversed for the elongation to failure, which is higher for horizontal (X) specimens than vertical (Z) ones at 450 °C. At 650 °C, the effect of the manufacturing orientation on yield and tensile strengths is almost non-existent, but the effect is dramatically increased for elongation to failure compared with 20 °C. The augmented anisotropy of elongation to failure at 650 °C may be related with differences in crack propagation modes between these two orientations, as it may be seen from fracture surfaces observations in Fig. 9. These anisotropy effects will be discussed in a future publication.

Regarding deformation modes evolution with temperature, it worth noticing that specimens tested at 450 °C exhibit PLC effect (Portevin Le Chatelier, also known as serrated yielding), while tests performed at 650 °C stay in the continuous plastic flow regime, called DSA (Dynamic Strain Aging) due to the dynamic interactions between diffusing elements and mobile dislocations occurring with plastic deformation. In fact, PLC effect is a specific manifestation of the DSA phenomenon, but these domains will be distinguished here for simplification purpose. Another interesting observation is that the fracture mode is different between these two temperatures. Fracture surfaces are transgranular ductile for tensile tests performed at 450 °C, while intergranular fracture is observed at 650 °C. In addition, fracture surfaces at 650 °C exhibit clear signs of oxidation on the crack initiation and stable propagation zones, indicating that intergranular fracture is, in this case, correlated with the effect of oxidation (tensile test in vacuum are scheduled to confirm this coupling effect).

Effect of Strain Rate on HSA2 Tensile Behavior

In order to study the effect of strain rate on mechanical behavior of LBM 718 alloy, tensile tests were performed on vertical (Z) HSA2 tensile specimens at 650 °C in air for 3 values of initial strain rate: 8.0 × 10 -5 , 1.0 × 10 -3 and 3.0 × 10 -2 s -1 . These values were purposely chosen to correspond to each domain of deformation mode-fracture mode interactions reported in previous studies for cold rolled alloy 718 [START_REF] Andrieu | Oxidation assisted intergranular cracking in alloy 718: effects of strain rate and temperature[END_REF].

As shown in Fig. 10, the evolution of tensile properties at 650 °C with strain rate may be described as follows: at low strain rate (8.0 × 10 -5 s -1 ), plastic flow is continuous and elongation to failure is moderate, while at intermediate strain rate (1.0 × 10 -3 s -1 ), plastic flow is also continuous, and elongation to failure is comparable to the value obtain at 20 °C; lastly, at high strain rate (3.0 × 10 -2 s -1 ), plastic flow is serrated and elongation to failure is decreased by half of its value at 20 °C. Yield and tensile strengths were weakly dependent on strain rate, while elongation to failure was strongly dependent. When comparing the fracture surfaces of these tests, it may be seen that tensile test performed at low strain rate is associated with intergranular fracture, similar to the results obtained for HSA1 at 650 °C. For intermediate strain rate, both intergranular and transgranular zones were observed; intergranular zones were mostly located close to the specimen surface (i.e. the surface exposed to air), and the overall fracture was ductile. Thus, it may be concluded that intergranular cracks initiate at this strain rate, but do not propagate fast enough to lead intergranular failure, and the fracture surface is mainly ductile. At high strain rate, the fracture surface is entirely transgranular ductile.

A difference in elongation to failure between HSA1 and HSA2 states may be noticed by comparing tensile tests performed in the same conditions (air, 650 °C, 8.0 × 10 -5 s -1 ) for vertical (Z) specimens. This observation contrasts with the fact their mechanical properties were found to be very similar at 20 °C. This difference is likely to be related to the precipitation state, as small dissimilarities were evidenced in section "Phase Identification", and is currently under investigation.

Oxidation-Assisted Cracking: Localization of Damage

SEM observations of the fracture surfaces for HSA2 tensile specimens tested at different strain rates were performed to identify crack initiation sites, and determine propagation paths. For specimens tested at 8.0 × 10 -5 s -1 , it may be seen from Fig. 11a that cracks initiate at grain boundaries. As mentioned in section "Texture", grain boundaries initially correspond, in the as-fabricated material, to dendrite packs interfaces, which explains the characteristic interdendritic pattern on Fig. 11a. It should be emphasized that these intergranular crack initiation sites present a very smooth surface, with almost no trace of ductility. By comparison, crack propagation path (Fig. 11b) are also intergranular, but exhibit a certain amount of ductility, with fine dimples distributed on the intergranular fracture surface. Based on the current knowledge on oxidation assisted intergranular cracking of alloy 718 [START_REF] Andrieu | Oxidation assisted intergranular cracking in alloy 718: effects of strain rate and temperature[END_REF], and on the effect of oxidation evidenced in section "Effect of Temperature on HSA1 Tensile Behavior", it may then be concluded that the difference observed in terms of fracture mode (smooth, interdendritic, vs. ductile, intergranular) between initiation and propagation sites for this sample results from the effect of environment, namely oxygen intergranular penetration rate during the deformation.

For the sample tested at 1.0 × 10 -3 s -1 , crack initiation sites, located on the specimen surface, are also intergranular (Fig. 11c), with the same smooth surface as previously mentioned for the sample tested at 8.0 × 10 -5 s -1 ; however, moving toward the center of the sample, it is observed a transition from intergranular, fragile crack initiation to transgranular, ductile propagation (Fig. 11d). At higher strain rate of 3.0 × 10 -2 s -1 , fracture surface is fully transgranular ductile, whatever the location on the fracture surface (Fig. 11e,f).

In order to further characterize crack initiation sites, the flat surfaces of these specimens were also investigated by SEM. Observation of the surface of the specimen tested at 8.0 × 10 -5 s -1 reveal profuse intergranular cracks (Fig. 12a). Most of the cracks initiate and propagate at grain boundaries interfaces, but transgranular propagation may occasionally be observed, which is most likely due to deformation incompatibilities between adjacent grains, outlined by slip band misorientations. Similar observations were obtained from the specimen tested at 1.0 × 10 -3 s -1 . No intergranular crack was observed on the surface of the sample tested at 3.0 × 10 -2 s -1 (Fig. 12b). However, the polycrystalline structure of this sample was much more deformed compared with the other samples, illustrated by the copious amount of slip bands observed on Fig. 12b. This last experimental observation is related to the occurrence of PLC effect at this strain rate, which is known to localize plastic deformation. 

Effect of the Deformation Mode on Oxidation Assisted Cracking in LBM 718 Alloy

To the author's knowledge, this study is the first to report on the influence of the deformation mode-namely the occurrence of PLC effect-on the fracture mode of alloy 718 manufactured by Laser Beam Melting. However, as reviewed in the introduction, these interactions have been extensively studied for conventionally manufactured alloy 718. The test performed on LBM 718 alloy are plotted on the map in Fig. 13, representing deformation mode-fracture mode interactions in the temperature-strain rate space. This map was established by [START_REF] Max | Comportement mécanique et couplage mécanique-oxydation dans l'alliage 718: effet des éléments en solution solide[END_REF] from the results of tensile tests performed on cold-rolled and aged 718 alloy. Comparison with the tensile behavior and fracture surfaces presented in Fig. 9 and Fig. 10 shows close similarities between LBM and conventionally (cold-rolled) manufactured alloy 718 regarding deformation mode-fracture mode interactions:

• For the tests carried out in the DSA, propagation controlled regime (650 °C, 8.0 × 10 -5 s -1 ), the plastic flow of HSA1 and HSA2 samples is continuous, and fracture surfaces observation reveal both initiation and propagation of intergranular cracks (see section "Oxidation-Assisted Cracking: Localization of Damage"); the oxidation contribution on this intergranular fracture is also evidenced (Fig. 9); • For the tests carried out in the DSA, initiation controlled regime (650 °C, 1.0 × 10 -3 s -1 ), the plastic flow is also continuous, but elongation to failure is significantly increased compared to the tests performed at lower strain rate, and only intergranular crack initiation was observed on the fracture surfaces. Except from these initiation sites, the overall fracture surface was mostly transgranular ductile; • For the tests carried out in the PLC regime (650 °C, 3.0 × 10 -2 s -1 ), the plastic flow is discontinuous (characteristics serrations were observed and heard during the tests), and the fracture surface is fully transgranular ductile. The reduction in elongation to failure was not related to the presence of microstructural defects, but is a consequence of strong strain localization induced by the propagation of macroscopic deformation bands during the serrations.

Fig. 13 Temperature-strain rate map of the deformation mode-fracture mode interactions in alloy 718 tested in uniaxial loading in air, adapted from [START_REF] Max | Comportement mécanique et couplage mécanique-oxydation dans l'alliage 718: effet des éléments en solution solide[END_REF]. This map was established by [START_REF] Max | Comportement mécanique et couplage mécanique-oxydation dans l'alliage 718: effet des éléments en solution solide[END_REF] for cold rolled + aged 718 alloy, evidencing two distinct domains: Dynamic Strain Ageing (DSA), where OAIC may lead to intergranular fracture in air (but not in vacuum, where the rupture is transgranular), and Portevin-Le Chatelier (PLC), where fracture is systematically transgranular ductile, independently of the environment Two major phenomena arise from these experimental observations: first, there are strong experimental facts that showed a coupling effect between the mechanical load and the oxidizing environment in the laser beam melted 718 alloy, leading to oxidation-assisted intergranular cracking (OAIC) damage. This coupling effect occurs, for LBM alloy 718, under the same temperature and strain rate conditions as established for OAIC in a conventionally manufactured alloy 718 produced by cold-rolling. In addition, these similarities of behavior between conventional and LBM alloy 718 are not limited to the OAIC fracture mode, and also apply to the deformation modes. As mentioned above, a transition from DSA (continuous plastic flow) to PLC (serrated plastic flow) is observed for LBM 718 alloy when increasing the strain rate at constant temperature, or increasing the temperature at a given strain rate. It should be emphasized that, similar to the fracture mode, the deformation mode transition observed for LBM alloy 718 occurs under similar experimental conditions as the ones established for conventional alloy 718.

To summarize, the experimental work carried out in this study examines deformation mode-fracture mode interactions in laser beam melted alloy 718. In the DSA domain, LBM alloy 718 exhibits sensitivity to oxidation-assisted intergranular cracking. When approaching the DSA-PLC transition zone, the sensitivity to OAIC is progressively reduced, resulting in inhibited intergranular crack propagation and moderate crack initiation. The occurrence of PLC effect completely suppresses the intergranular damage, leading to a fully transgranular ductile failure. It is striking that these deformation mode-fracture mode interactions are consistent for both LBM and conventionally manufactured alloy 718, in spite of the numerous differences in microstructure. This last point may indicate that microstructural parameters such as grain size, texture, or even phase distribution are not, in this case, involved to a first order in the mechanisms controlling these two phenomena, namely fracture mode-deformation mode interactions, and OAIC. Although the effect of texture and precipitation state are not negligible (as it will be shown in a future paper), the present study emphasizes the importance of studying finer microstructural scales in order to provide a complete description of the mechanisms involved in the two aforementioned phenomena: crossed interactions between solute elements, mobile dislocations and interfaces networks.

Conclusion and Perspectives

In this paper, the microstructural specificities of laser beam melted alloy 718 were investigated for 3 metallurgical states: as-fabricated, HAS1 (solutioned at 1095 °C/ 2 h (AC) and double-aged at 720 °C/8 h, (FC) at 55 °C/h, then 620 °C/8 h (AC)) and HSA2 (solutioned at 1095 °C/3 h (AC) and double-aged at 760 °C/5 h, (FC) at 55 °C/h, then 650 °C/1 h, (AC)). Tensile behavior under several temperature and strain rate conditions was examined for HSA1 and HSA2 states. Main results are summarized as follows:

• Laser Beam Melted alloy 718 exhibit pronounced microstructural differences compared with conventionally manufactured (e.g. cold-rolled) alloy 718: the LBM microstructure is finer, more textured and heterogeneous than its conventional counterpart. • Application of standard heat treatments on the LBM as-fabricated material lead to moderate microstructural modifications: hardening precipitation is similar to conventional 718, but homogenization is very limited regarding structural heterogeneity. • Tensile behavior of LBM alloy 718 at 20 °C is very similar to cold-rolled and aged 718, and exhibit a slight degree of anisotropy, commonly expected for this additive manufacturing technique. • A coupling effect between oxidation and mechanical loading, resulting in oxidation-assisted intergranular cracking, was evidenced for laser beam melted 718 alloy; furthermore, the OAIC was observed in similar temperature and strain rate conditions as for conventional 718. • Relationships between fracture modes and deformation modes for laser beam melted 718 are consistent with the ones previously established for conventionally manufactured 718, in spite of fundamentally different microstructures. It may thus be concluded that typical microstructure parameters-such as grain size, morphology, phase distribution, etc.-are unlikely involved in these interactions, at least not at the first order.

These results may be used to narrow down the list of metallurgical factors controlling these interactions to lower scales. In other words, microstructural specificities of LBM could be used as an opportunity to enhance our current understanding of deformation mode-fracture mode interactions in alloy 718.
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Fig. 1

 1 Fig. 1 Microstructure of the as-fabricated (AF) and heat-treated (HSA1, HSA2) metallurgical states, observed by optical microscopy

Fig. 2

 2 Fig. 2 Comparison of LBM and cast alloy 718 solidification structures. a Dendritic solidification structure in as-fabricated LBM 718 alloy; b cast 718 alloy after homogenization treatment (1093 °C/1 h), adapted from[START_REF] Carlson | Microstructural characterization of cast 718[END_REF] 

Fig. 4

 4 Fig. 4 Polycrystalline structure of LBM 718 alloy analyzed by EBSD: a inverse pole figure of HSA2 sample observed in the (YZ) plane; b local misorientation maps of the same zone, showing the heat treatment induced grain recovery; c typical microstructure of cold rolled and aged 718 alloy from[START_REF] Andrieu | Oxidation assisted intergranular cracking in alloy 718: effects of strain rate and temperature[END_REF] 

Fig. 5

 5 Fig. 5 Chemical heterogeneity in the as-fabricated state. a Chemical heterogeneity resulting from LBM solidification; b magnification of a, with: (1) continuous phases segregated at grain boundaries, (2) phases segregated in interdendritic regions, (3) fine, round interdendritic precipitates

Fig. 6

 6 Fig. 6 SEM observation of the HSA1 state: a structural and chemical heterogeneity, with phase precipitation at grain boundaries and visible melt pool, delimited by the "zigzag" dendrite pattern; b precipitation state at higher magnification, showing intergranular MC carbides (bright white) and small, round precipitates; c EDS analysis of the prior-grain boundary MC carbides showing enrichment in Nb, Mo and possibly Ti

Fig. 7

 7 Fig. 7 SEM observation of the HSA2 state: a illustration of precipitates morphologies in the transition zone between initial (on the left) and recovered microstructure (on the right); b precipitation state at higher magnification, showing intragranular MC (large precipitates) and fine precipitation of γ″; c magnification of the plate-like precipitates observed on (a), assumed to be δ phase

Fig. 9

 9 Fig. 9 Result of tensile tests performed in air on HSA1 at constant strain rate of 8.0 × 10 -5 s -1 for vertical and horizontal specimens at 20, 450 and 650 °C

Fig. 10

 10 Fig. 10 Result of tensile tests performed in air on HSA2 at constant temperature of 650 °C, for vertical specimens at 8.0 × 10 -5 , 1.0 × 10 -3 and 3.0 × 10 -2 s -1

Fig. 11

 11 Fig. 11 SEM observations of the fracture surfaces of HSA2 vertical (Z) tensile specimen tested in air at 650 °C. a, c and e correspond to initiation sites near the specimen surface, where b, d and f correspond to propagation sites

Fig. 12

 12 Fig. 12 SEM observations of the surface HSA2 vertical (Z), flat tensile specimen tested in air at 650 °C: a specimen tested at 8.0 × 10 -5 s -1 and b specimen tested at 3.0 × 10 -2 s -1 . Both surfaces correspond to ∼10% of plastic stain

  

  

  

Table 1

 1 Chemical composition of 718 alloy powders used in this study in wt%

	Supplier Ni	Cr	Fe	Nb	Mo	Ti	Al	Co	Mn	Si	Cu	C	P	S	O	N	B
	A	53.23 a 18.66 a Bal.	5.16 a 3.11 a 1.05 a 0.51 a 0.03 a 0.02 a	0.05 a 0.02 a	0.04 c	<0.010 a 0.		

Table 2

 2 Heat treatment conditions for the batches in this study were carried out under argon atmosphere using either air cooling (AC) or furnace cooling (FC)

	Batch	Powder	Heat	Solution	Age hardening
		supplier	treatment	treatment	
	1	A	HSA2	1095 °C/3 h (AC)	760 °C/5 h, (FC) at 55 °C/h,
					650 °C/1 h, (AC)
	2	B	-	-	-
	3	B	HSA1	1095 °C/2 h (AC)	720 °C/8 h, (FC) at 55 °C/h,
					620 °C/8 h, (AC)

Table 3

 3 Tensile test conditions for test conducted in air to failure. X and Z indicate which orientations (Horizontal or Vertical) were tested for each experimental condition. R and F subscripts stand for round and flat tensile specimen, respectively

	Metallurgical	Initial strain	20 °C	450 °C	650	°C
	state	rate (s -1 )				
	HSA1	8.0 × 10 -5